The transcriptional activity of many sequence-specific DNA binding proteins is directly regulated by posttranslational covalent modification. Although this form of regulation was first described nearly two decades ago, it remains poorly understood at a mechanistic level. The prototype for a transcription factor controlled by posttranslational modification is E. coli Ada protein, a chemosensor that both repairs methylation damage in DNA and coordinates the resistance response to genotoxic methylating agents. Ada repairs methyl phosphotriester lesions in DNA by transferring the aberrant methyl group to one of its own cysteine residues; this site-specific methylation enhances tremendously the DNA binding activity of the protein, thereby enabling it to activate a methylation-resistance regulon. Here, we report solution and X-ray structures of the Cys-methylated chemosensor domain of Ada bound to DNA. The structures reveal that both phosphotriester repair and methylationdependent transcriptional activation function through a zinc-and methylation-dependent electrostatic switch.
Introduction
The transcriptional activity of sequence-specific DNA binding proteins is controlled by a wide variety of direct covalent modifications, including methylation, phosphorylation, acetylation, glycosidation, and ubiquitination ( tems have rarely been structurally elucidated in the modified form (Chen et al., 1998; Radhakrishnan et al., 1997); hence, the mechanistic basis for transcriptional regulation by covalent modification of transcription factors remains for the most part the subject of speculation. Here, we report the structural elucidation of the transcriptionally active form of the prototypical methylation-dependent factor E. coli Ada.
The integrity of the genome is constantly challenged by the presence of reactive chemical compounds in the cellular milieu. Such agents, whether they occur normally in the cell or are environmentally derived, change the covalent structure of DNA and consequently its coding properties, giving rise to mutations (Wood et al., 2001) . Among the most notorious of DNA modifiers are methylating agents, which combine high mutagenic potency with widespread distribution both inside the cell and throughout the external environment. Nearly all free-standing organisms actively counter the genotoxic burden of aberrant DNA methylation by expressing proteins that search for such lesions in DNA and repair them (Friedberg et al., 1995) . Escherichia coli exhibits the remarkable property of adapting to survive otherwise lethal dosages of methylating agents when preexposed to sublethal levels. This so-called adaptive response operates through coordinate transcriptional activation of the ada methylation-resistance regulon, known presently to comprise three promoters (ada, alkA, and aidB) that direct the expression of four proteins (Ada, AlkA, AlkB, and AidB) Teo et al., 1986 ). The molecular mechanism of AidB action is unknown. AlkA is a DNA glycosylase enzyme that initiates base-excision repair of several methylated base adducts. AlkB repairs 1-methyladenine and 3-methylcytosine lesions by an oxidative demethylation mechanism (Falnes et al., 2002; Trewick et al., 2002) .
Ada is a bifunctional DNA repair protein with an unusual mechanism of action. The 20 kDa N-terminal domain of Ada (N-Ada20) repairs the S p -configurated methyl phosphotriester lesion in DNA ( Figure 1A ) by transferring the aberrant methyl group to one of its own cysteine residues, Cys38 (formerly thought to be Cys69; vide infra) (Sedgwick et al., 1988) . As this methyl transfer is irreversible, N-Ada is not an enzyme but rather is a sacrificial, stoichiometric reagent for DNA repair. The 19 kDa C-terminal domain of Ada (C-Ada19) also uses sacrificial transfer to a cysteine residue, Cys321, in order to repair the highly mutagenic lesion O 6 -methylguanine ( Figure 1A ) (Demple et al., 1985) .
In addition to its role in repair, Ada is the key component of the chemosensory mechanism by which E. coli monitors its intracellular methylation burden and activates the ada regulon under conditions of challenge Teo et al., 1986) . The regulatory regions of ada regulon promoters contain a methylation-dependent activation element comprising conserved A box (AAT) and B box (GCAA) sequences separated by a six base pair spacer ( Figure 1B ). Unmethylated N-Ada can bind this site, but not strongly enough to activate the promoter, except when artificially overexpressed (Sakumi Biochemical studies on N-Ada20 have revealed that it possesses two constituent domains, N-Ada N (residues 1-75) and N-Ada C (residues 78-178), connected by a flexible linker ( Figure 1A ). Whereas both domains are required for sequence-specific DNA binding, N-Ada N alone is fully capable of repairing S p -configurated methyl phosphotriesters in DNA (Myers et al., 1992; Sakashita et al., 1993) . N-Ada N contains a Zn 2+ ion tightly coordinated to four Cys residues (Cys38, Cys42, Cys69, and Cys72) (Myers et al., 1993) . The metal does not merely serve a structural role, however, as one of its ligands is Cys38, the nucleophilic methyl acceptor residue (see below); indeed, the bound metal ion is required to activate the nucleophilicity of Cys38 (Myers et al., 1993) . Ada is the prototype for an emerging group of proteins that use zinc-coordinated thiol groups as nucleophiles in alkyl group transfer reactions. More recent examples include cobalamin-dependent and -independent methionine synthase, protein farnesyltransferase (FTase), and geranylgeranyltransferase (GTase) and possibly methanogenic methyl transferases and epoxide carboxylase (Allen et al., 1999; Hightower and Fierke, 1999; LeClerc and Grahame, 1996; Matthews and Goulding, 1997).
Developing a complete picture of metalloactivated DNA repair and methylation-dependent transcriptional activation by Ada has not been possible in the absence of high-resolution structural information on the methylated N-terminal domain bound to DNA. In this report, we describe two high-resolution structures of N-Ada bound to DNA: one determined by X-ray and the other by NMR. Together, these structures reveal significant insights into several major aspects of Ada function: the mechanism of Cys38 metalloactivation, the origins of S p -stereospecificity in methyl phosphotriester repair, the basis for methylation-dependent enhancement of DNA binding, and the commonality in features of DNA repair and sequence-specific DNA binding. The structures reveal that Ada uses a unique electrostatic switching strategy to target methyl phosphotriesters and promoters of the ada regulon.
Results and Discussion
Overall Structure Details of sample preparation, crystallization, NMR data collection, and structure determination are provided in the Experimental Procedures. Statistics for data collection and structure determination are summarized in Table 1 (X-ray) and Table 2 In the NMR structure, N-Ada N is bound over the minor groove of the A box and N-Ada C inserts the recognition helix of its canonical helix-turn-helix motif (Dodd and Egan, 1990) into the major groove of the B box ( Figure 2B ). As discussed in greater detail below, this recognition mode is consistent with biochemical data on DNA recognition by N-Ada, hence, we conclude that the solution structure represents that of a Although the overall features of N-Ada N -A box recognition are clearly similar in the X-ray and NMR structures, the paucity of NOE data for the head groups of amino acid side chains, especially Arg, does not allow us to assign intermolecular contacts unambiguously. Therefore, the analysis that follows will draw primarily upon the X-ray structure for detailed analysis of sequence-specific A box recognition. The solution structure, on the other hand, provides an ample basis for understanding specific N-Ada C -B box interactions.
A Box Recognition N-Ada N grasps the backbone of the noncoding DNA strand, making extensive hydrogen bonding contacts to phosphate groups on this strand by using both side chains and main-chain amides of the protein ( Figure  3A ). These backbone interactions position the domain over DNA so as to present two basic residues, Arg45 and Arg71, to the bases of the minor groove. Arg45, which is borne on a long loop known to be involved in DNA recognition (Myers et al., 1993) , inserts its guanidinium head group into the minor groove of the A box and hydrogen bonds to thymines T2 and T3 (see Figure  2A for numbering, Figure 3B ). This positioning of Arg45 would be sterically incompatible with a G at any position in base pairs 2 and 3, thereby explaining the preference of the protein for A/T pairs at these positions. The basis for the A/T preference at the first position of the A box (A1/T1) is not apparent from our structures. The main chain amide NH group of Arg45 also makes watermediated hydrogen bonds to the base pair just outside the A box on the 3# side (A4/T4). The side-chain guanidinium group of Arg71 hydrogen bonds in the minor groove to two thymines located at opposite ends of the DNA duplex (T5 and T-12, Figure 3C ). In the crystal, the T5 and T-12 residues on neighboring duplexes are brought together by coaxial stacking, and we envision that Arg71 may help to stabilize such packing of the DNA. Although the sequence of the spacer is not strictly conserved among the known Ada binding sites in the ada, alkA, and aidB promoters, it is A/T rich in all three instances (Landini and Volkert, 1995b), suggesting perhaps that the Arg71 contact makes a valuable contribution to promoter recognition by Ada.
B Box Recognition
The C-terminal domain of N-Ada contains a canonical helix-turn-helix motif (HTH, α-D and α-E), the recognition helix of which (Figures 4A and 4B ; α-E) inserts into the major groove of the B box to make sequence-specific base contacts. In the solution structure, the aryl ring of Phe114 contacts the methyl groups of both T12 and T13, as evidenced directly by interfacial NOEs. The calculations indicate that the guanidinium group of Arg118 hydrogen bonds to the O 6 atoms of both G10 and G11, though the absence of NOEs to the guanidinium head group does not permit an unambiguous contact assignment. The identities of the bases in the B box contacted by N-Ada C inferred from the solution structure correspond exactly to those determined independently by a biochemical method, template-directed interference (TDI) footprinting (Storek et al., 2002) . Interestingly, the solution structure also positions His115 to hydrogen bonding to a base outside the B box on its 5# flank, C9. The existence of this contact has been confirmed by the observation of interference at C9 in TDI footprints of the ada promoter (Storek et al., 2002) . This interaction of His115 to C9, a nonconserved base, may explain the 10-fold higher affinity of N-Ada for the ada promoter versus the alkA and aidB promoters, which have an A base at the equivalent position (Landini and Volkert, 1995b). Several other residues of the HTH motif, the loop on its C terminus, and the α-F helix make phosphate contacts to the DNA backbone.
Comparison of the solution and X-ray structures of N-Ada C reveals a nearly identical overall fold ( Figure  4A ). However, the disposition of the N-Ada C domain with respect to DNA in the two structures is markedly different, thus suggesting that a domain shift accompa- 
Identity of the Methyl Acceptor Residue
Prior to crystallization, N-Ada had been methylated by treatment with methylphosphotriester-containing DNA. On the basis of previous biochemical studies (Sedgwick et al., 1988), we expected to find a methyl group on Cys69, the putative acceptor residue. Despite the high quality of the electron density maps in the region around the (Cys 4 )Zn center, these maps did not show any extra density on Cys69 consistent with the presence of a covalently attached methyl group. On the other hand, we did observe extra electron density protruding from the sulfur atom of Cys38, and into this space a methyl group could be modeled with good geometry and high (97%) occupancy ( Figure 5A) .
To obtain an independent determination of the location of the methyl group added posttranslationally to Ada, we prepared samples of N-Ada methylated by treatment with double-stranded or single-stranded DNA containing a single methyl phosphotriester or by treat- distance relationship between these two moieties. A methyl group placed on Cys69 is too remote from Phe29 to be consistent with the observed NOE (refer to Figure 5B ). On the other hand, a methyl group on Cys38 lies within van der Waals contact distance of the Phe29 aryl ring, in full concordance with the NOE data. Furthermore, the overall fit of the solution structure to the experimental data is significantly better when the methyl group is placed on Cys38 than on Cys69.
Based on the three independent lines of evidence cited above-X-ray, MS/MS sequencing, and NOE data-we conclude that Cys38 of Ada, and not Cys69 as previously believed, is the zinc bound Cys residue that removes methyl groups from the DNA backbone.
Active Site Structure and Chemistry
Of long-standing interest has been the mechanisms by which Ada (1) directs the regiochemistry of methyl transfer to just one of its four zinc bound Cys residues, (2) obtains stereochemical specificity for S p -configur- ). Notwithstanding these considerations, it remains a formal possibility that Cys38 is hydrogen bonded in the unmethylated state, but not in the methylated state. This explanation is inconsistent with the X-ray structure, however, because there is simply no suitable candidate for a hydrogen bond donor in the vicinity of SMeCys38. Steric accessibility does not appear to play a significant role in the selective activation of Cys38, because Cys69 is also surface exposed yet is not methylated by methyl iodide (Myers et al.,  1995b) . Based on the available data, the most reasonable model is one wherein Ada dampens the nucleophilicity of Cys42, Cys69, and Cys72 through hydrogen bonding while maintaining the intrinsically high nucleophilicity of the Cys38 thiolate by keeping it free from hydrogen bonding interactions.
The Stereochemistry of Methyl Transfer
The stereochemical specificity of Ada to repair only S Pconfigurated methyl phosphotriesters in DNA can be rationalized on the basis of the structure. The sulfur atom of SMeCys38 projects directly toward the pro-S oxygen atom of the phosphate located between T2 and A3 (T2pA3). Indeed, the methyl group of SMeCys38 is located only w3.5 Å away from the pro-S oxygen, such that one can readily envision in-line S N 2 transfer of a methyl group from the pro-S oxygen atom to the Cys38 thiolate sulfur atom ( Figure 5B) . Conversely, the pro-R oxygen on T2pA3 is too far away from Cys38 (5.0 Å from pro-R oxygen to methyl carbon of SMeCys38) and is pointed in the wrong direction to allow in-line methyl transfer.
Methylation-Dependent Enhancement of DNA Binding
Since the discovery that methylation of Ada is the signal that induces activation of the ada regulon, a mystery has been how such a minor change in the protein structure can engender such a profound gain of biological function. The prevailing hypothesis has held that methylation triggers some sort of structural rearrangement, which in turn unveils a previously masked DNA-recognition interface in the protein. The present structures conclusively rule out any such allosteric modulation, because the overall fold of methylated N-Ada N in complex with DNA is virtually the same as that in the unliganded, unmethylated form. Inspection of the complex structures suggests an alternative mechanism, based on electrostatic switching, for the methylation-dependent enhancement of DNA binding by Ada.
The X-ray structure reveals that N-Ada N docks with DNA so as to present two of its zinc-coordinated Cys residues (Cys38 and Cys69) to two successive phosphate groups on the DNA (T2pA3 and A3pA4, Figure  5B ). The sulfur atom of SMeCys38 is only 4.36 Å removed from the pro-S oxygen of T2pA3, whereas the sulfur atom of Cys69 is only 4.15 Å away from the pro-S oxygen of A3pA4. In this configuration, electrostatic repulsion between the phosphate oxygens and thiolate sulfur atoms is expected to influence profoundly the strength of the overall protein-DNA interaction. In the absence of a methyl group on Cys38, each thiolate sulfur bears 1/2 negative charge and would have to approach an oxygen atom also bearing 1/2 negative charge ( Figure 6A ). Methylation on Cys38 eliminates the charge on this sulfur atom and also reduces the fractional charge on Cys69 to 1/3 negative ( Figures 6C and 6D) . Thus, to a first approximation, methylation reduces the overall extent of charge/ charge repulsion in the protein-DNA interface by 2/3 of a negative charge. The structure suggests a further reduction in repulsive charge-charge interactions may be made by the methyl group on Cys38 screening T2pA3 from the negative charge on Cys42 (refer to Figure 5B) . The effect of methylating Cys38 can be visualized from the electrostatic surface charge distribution of N-Ada in the presence ( Figure 5C ) and absence (Figure 5D ) of a methyl group on Cys38. Simple removal of a methyl group from the X-ray structure reveals that the pocket into which the DNA backbone binds has a negatively charged surface ( Figure 5D ). The extent of negative charge is dramatically reduced by methylation of Cys38 ( Figure 5C ).
If alleviation of electrostatic repulsion is indeed responsible for the methylation-dependent enhancement of DNA binding by Ada, then alternative modifications of the protein-DNA interface that reduce these repul- How does the protein locate methyl phosphotriesters in DNA? As discussed above, in the absence of methylation, the N-Ada N -DNA interface suffers a repulsive interaction caused by the close juxtaposition of two zinc bound thiolates (on Cys38 and Cys69) with two successive DNA phosphates ( Figure 6A ). Just as this interfacial repulsion can be mitigated by methylation of Cys38 on N-Ada, so too can it be reduced by methylation of the DNA backbone ( Figure 6B ), because the resulting phosphotriester is charge neutral. We therefore envision that unmethylated N-Ada glides along the DNA backbone, held mostly by electrostatic forces ( Figure  6A ). When N-Ada N encounters a methyl phosphotriester, electrostatic switching allows the domain to clamp tightly on the DNA backbone and perform zinc-mediated nucleophilic attack on the methyl group, resulting in its transfer to the protein ( Figure 6B ). The pro-R p oxygen of T2pA3 is hydrogen bonded to the side-chain hydroxyl of Thr34 and projects into a small pocket incapable of accommodating a methyl group (omitted from Figure 5B for reasons of clarity), which suggests that Ada should bind more strongly to S p -configurated methyl phosphotriester than R p . Obviously, there is also discrimination for the S p configuration in the covalent transfer step. After methyl transfer, the Cys38-methylated protein would again glide along the DNA backbone until it encountered a promoter ( Figure 6C) , whereupon both N-Ada N and N-Ada C would embrace the duplex tightly ( Figure 6D ). Thus, both the DNA repair and methylation-dependent DNA binding functions of Ada are fundamentally dependent on electrostatic switching as the structural basis for substrate recognition.
Experimental Procedures Protein Constructs and Oligonucleotides
The solution structure of methylated N-Ada was solved with a construct containing residues 1-139 bound to an 18-mer duplex DNA containing the ada promoter sequence. The construct used for crystallization, N-Ada16⌬, consists of Ada residues 1, 2, and 9-139. Further details are available in the Supplemental Data. 
Synthesis of Methyl

Sample Preparation
Methylated N-Ada was prepared as described (Myers et al., 1995a) by treating N-Ada with a synthetic single-stranded oligonucleotide bearing a single methyl phosphotriester. The methylation reaction was carried out in the presence of one mole equivalent (relative to protein) of the sequence-specific duplex DNA relative to protein to stabilize the methylated N-Ada by in situ formation of a DNA complex. The single-stranded DNA was removed afterward by buffer exchange using a Centricon 10K cut-off filter (Amicon). Crystallization, Data Collection, Phasing, and Refinement Methylated N-Ada16⌬ bound to the 17-mer duplex DNA was buffer exchanged into 10 mM Tris-HCl (pH 7.4), 100 mM NaCl, and 5 mM dithiothreitol (DTT) and crystallized by the hanging droplet method using a reservoir solution of 100 mM sodium cacodylate (pH 6.3), 100 mM NaCl, 50 mM magnesium chloride, and 20%-21% PEG 8000. Crystals were cryoprotected in 20% glycerol and frozen in liquid nitrogen. Multiwavelength anomalous diffraction (MAD) data were collected at the 19ID beamline at the Structural Biology Center in APS. The structure was solved by MAD phasing using selenomethionine-substituted protein. Further details are available in the Supplemental Data.
NMR Sample Preparation
NMR Spectroscopy
NMR experiments were carried out at 30°C on Varian Inova 900 MHz, Varian Inova 750 MHz, and Varian Inova 500 MHz spectrometers equipped with triple resonance probes and a Bruker Avance 500 MHz NMR spectrometer equipped with a cryoprobe. Protein-DNA complex samples with a concentration of w0.5 mM were used for data collection. Further details are available in the Supplemental Data.
NMR Structure Calculations
Initial structures were generated by using the program DYANA (Güntert et al., 1997) starting from random conformations of protein and B-form DNA. Further molecular dynamics calculations were performed by using the simulated annealing procedure in X-PLOR (Brünger, 1992) 
